We have assessed the genetic types of hydrocarbon gas in the Fangzheng Basin by analyzing the effects of geologic settings on gas generation, kerogen types in source rocks, gas compositions, stable carbon isotopes of individual alkanes, and biomarkers in gas-associated oil. The primary compounds of source rocks in the Eocene Xinancun Formation and Paleocene Wuyun Formation are found as type II and III kerogens, respectively. The hydrocarbon gas in the Fangzheng Basin can be classified into three families. Family I is affected by biodegradation, and it is dry gas generated from low-maturity lacustrine mudstones (i.e., oil-prone source rocks) of the Xinancun Formation. Family II is coal-derived wet gas accompanied by oil, and it is typically generated by type III kerogen of mudstones in coal measures of the Wuyun Formation. Family III is mixed-type wet gas whose primary compound is oil-associated gas, and it is mainly generated by type II kerogen in the Xinancun Formation and partly from type III kerogen in the Wuyun Formation in the Daluomi (DLM) Uplift. The family I and II hydrocarbon gases are located in the Zhuozhugang (ZSG) Sag. Family III hydrocarbon gas was formed in the mixing process of different genesis gas through the active faults because the late Miocene transpressional strength of uplift in the DLM Uplift was more intense than that in the ZSG Sag after the development of increased accommodation space coeval with intrabasinal rifting before Oligocene.
Introduction
Recent studies on the Tan-Lu Fault Zone (TLFZ) have focused on its structural features, evolution history, and petroleum potential of Cenozoic depocenters (Dong et al., 2010; Shi et al., 2012; . The results revealed the complex relationship between the tectonic evolution and petroleum accumulation, indicating that the extensional and reversal structures have different effects on the primary and secondary reservoirs (e.g., Wang et al., 2016) . Located in the east of the Heilongjiang Province, the Fangzheng Basin is one of the key hydrocarbon exploration areas along the TLFZ in the periphery of the Songliao Basin, Northeast China (Cao et al., 1996; Hu et al., 2010b) .
Explorations in the Fangzheng Basin show great potential for petroleum. And the exploration wells are presented in Figure 1 . Two commercial gas wells (F1 and F3) and four commercial oil-gas wells (F2, F4, F12, and F15) of total 30 exploration wells were established up to present. Wells F1 and F2 have commercial oil and gas flows in the Paleocene Wuyun Formation. The well F3 has an industrial gas production flow of 54;340 m 3 ∕day at the depth between 2871 and 2939 m (Eocene Xinancun Formation). The daily production of well F4 is approximately 78.8 t oil and 22;522 m 3 gas, and well F15 has a daily production of 15.3 t oil in the Xinancun Formation and 54;940 m 3 gas in the Oligocene Baoquanling Formation. The explorations suggest that the associated condition of oil and gas is complicated, and the hydrocarbon gas is more widely distributed in this region. Gas from well F3 contains relatively depleted carbon isotope in methane. Sun and Chi (2005) suggest that the hydrocarbon gas from well F3 is microbial gas. However, the gas discovered here was located at a depth of approximately 3000 m with a formation temperature ranging from 80°C to 85°C, which significantly exceeded the ultimate habitat temperature for large amount of bacteria because the optimal temper-atures for methanogens to thrive and generate methane are between 35°C and 65°C (Dang et al., 2008) . The burial depth and temperature of reservoir should also be considered during the hydrocarbon generation. In addition, the geochemical characteristics of the hydrocarbon gas from different wells were different, suggesting the existence of different genetic gas types.
The goal of this study is to assess the genesis and sources of hydrocarbon gas in the Fangzheng Basin. The geochemical characteristics of gas from different wells were compared, and the detailed geochemical correlation between the source rocks and gas was examined by sampling natural gas from all wells in the Fangzheng Basin. Possible causes for the distributions of different genetic gas were discussed with respect to the effects of tectonic activities during late Miocene.
Geologic setting
The Fangzheng Basin, located in Northeast China, is a major Cenozoic depocenter along the Yilan-Yitong Fault system of the northern north-northeast to south-southwest-striking TLFZ (Wang et al., 2006; Mercier et al., 2013) . Situated in the middle segment of the Yilan-Yitong Fault system, the west and east sides of the Fangzheng Basin are bounded by dextral and oblique-slip northwest and southeast boundary faults, respectively . The Fangzheng Basin has a northeast-southwest trend with the Shangzhi Uplift in the southwest and the Yilan Uplift in the northeast, covering an area of approximately 1460 km 2 (Figure 1) . The boundary faults determine the distribution and development of the second-order structural belts, as well as the thickness of the Cenozoic strata ( Figure 2 ). Based on the structure of the preCenozoic basement and the tectonic characteristics of the basinal strata, the entire Fangzheng Basin can be divided into three substructural units: northwest uplift belt, central depression belt, and southeast slope belt, of which the northwest uplift belt is the widest. The central depression belt, comprised of four sags (Xingwang Sag, Dalinzi [DLZ] Sag, Zhuoshugang [ZSG] Sag, and Deshantun Sag from northeast to southwest) and four uplifts (Xiangshun Uplift, Daluomi [DLM] Uplift, Yaotun Uplift, and Xiaolantun Uplift from northeast to southwest), is the deepest, longest, and most complicated tectonic province in the Fangzheng Basin. The ZSG Sag, DLM Uplift, and DLZ Sag have been relatively well-explored, and thus they were selected for this study.
The basement of the Fangzheng Basin is the Palaeozoic metamorphic rock series, whose overlying strata, from bottom to top, are the Cretaceous Fangzheng Formation, Paleocene Wuyun Formation (E 1 w), Eocene Xinancun Formation (E 2 x), Dalianhe Formation (E 2 d), Oligocene Baoquanling Formation (E 3 b), and Miocene Fujin Formation (N 1 f), with a total thickness of more than 5000 m (Huang et al., 2003) . Two major unconformities are present for the basinal strata: the Paleocene Wuyun Formation rests unconformably on the Cretaceous granitic basement and Mesozoic metamorphic rocks, and the second major regional unconform- Figure 1 ) seismic reflection profiles with structural interpretations. T1 through T5 mark the major seismic reflectors recognized in the basinal strata.
T84 Interpretation / February 2018 ity separates the Eocene Dalianhe Formation from the above Oligocene Baoquanling Formation . The Wuyun Formation consists of alternating layers of brownish red or gray sandy conglomerate, siltstone and grayish-green or gray mudstone, and silty mudstone with intercalations of coal beds (Huang et al., 2002) . The Lower Eocene Xinancun Formation comprises alternating layers of grayish or gray sandy conglomerate, fine sandstone, siltstone, and gray or black-gray mudstone (Huang et al., 2002) . The mudstones and coal beds of these two formations are the most important source rocks in the Fangzheng Basin.
Samples and methods
Bulk geochemical analyses (including total organic carbon [TOC] content and pyrolysis) were performed on 132 core samples of mudstones collected from the Wuyun Formation and Xinancun Formation in three wells (i.e., F4, F12, and F15). Two core samples from well F15 were selected for biomarker analysis based on the bulk geochemical analysis, and two oil samples from the oil-gas production wells (i.e., F4 and F15) were selected for the biomarker analysis. Chemical and stable carbon isotopes were performed on 15 gas samples from seven wells (i.e., FX, F1, F2, F3, F4, F12, and F15) in different structure units. The results are summarized in Table 1 .
Pyrolysis analysis was performed using a Rock Eval 6 analyzer to obtain free hydrocarbon (S 1 ), pyrolysis hydrocarbon (S 2 ), and the temperature of maximum hydrocarbon generation (T max ). Depending on the TOC content, 40-50 or 80-120 mg of each pulverized sample was gradually heated in an inert atmosphere (Strobl et al., 2014) . The amount of pyrolyzate released from kerogen was normalized to TOC to calculate the hydrogen index (HI), which equals S 2 divided by TOC. The T max is defined at the maximum value of the S 2 -peak (Peters, 1986; Jin et al., 2017) . Based on TOC and Rock Eval data, two samples from well F15 were selected for biomarker analysis.
The chemical composition of gas samples was analyzed using an Agilent 6890 N gas chromatograph (GC) equipped with a flame ionization detector and a thermal conductivity detector. Capillary column (i.d. PLOT Al 2 O 3 50 m × 0.53 mm) was used to decompose the hydrocarbon gas. The GC oven temperature was initially set to 30°C for 10 min and then ramped up to the peak (i.e., 180°C) at a rate of 10°C∕ min and stayed constant for 20-30 min (Jin et al., 2010; Huang et al., 2015) .
Stable carbon isotope determination of alkane gases (C 1 -C 4 ) was performed using an HP 5890II chromatograph (i.d. PLOT 30 m × 0.32 mm) attached to a Finnigan Mat Delta S mass spectrometer. The GC oven temperature increased from 35°C to 80°C at a rate of 8°C∕ min and then to 260°C at 5°C∕ min, and it remained constant for 10 min to the end (Liu et al., 2017) . Samples were analyzed twice, and the averaged values were used for the analyses. Stable isotope ratios are reported in delta notation (δ 13 C) (Coplen, 2011) relative to the Pee Dee Belemnite (PDB) standard (δ 13 C ¼ ½ðδ 13 C∕δ 12 CÞ sample ∕ðδ 13 C∕ Gas components (v%) 12 CÞ standard − 1). Delta notation is expressed in parts per thousand or per mil (‰). The analytical error of the measurements was less than 0.2‰. For organic geochemical analysis, compounds of the selected two source rocks were extracted using dichloromethane in a Dionex ASE 200 accelerated solvent extractor for approximately 1 h (Gross et al., 2015) . Together with two selected oil samples, elemental sulfur was removed by adding activated copper turnings. Then, these four samples were decomposed into nitrogen, sulphur, and oxygen (NSO) compounds, saturated and aromatic hydrocarbons using medium-pressure liquid chromatography with a Köhnen-Willsch instrument (Radke et al., 1980) . The saturated hydrocarbon fractions were analyzed using a GC equipped with a 30 m DB-5MS fused silica column (i.d. 0.25 mm; 0.25 mm film thickness) and coupled with a Thermo Fisher ISQ quadrupole mass spectrometer (gas chromatography-mass spectrometry [GC-MS] system) . The oven temperature gradient was programmed to increase from 70°C to 300°C at 4°C∕ min, followed by an isothermal period of 15 min. Helium was used as the carrier gas, and the sample was injected splitless, with the injector temperature at 275°C (Liu et al., 2017) . The spectrometer was operated in the electron ionization mode over a scan range from m∕z (mass charge ratio) 50 to m∕z 650, and the total scan lasted for 0.7 s.
Results

Bulk geochemical parameters and biomarkers of the source rocks
All the samples plot inside the field characteristic for type II and type III kerogen in the HI versus T max diagram ( Figure 3 ; Espitalié et al., 1984) , which suggests that the type II kerogen dominates the source rocks in the Xinancun Formation, whereas the type III kerogen dominates the Wuyun Formation. The value of T max varies from 430°C to 450°C with an average of 440°C, representing a maturity just falling into the oil window ( Figure 3 ). The R o value for mudstones based on the measured data ranges from 0.54% to 0.71% with an average of 0.59% in the Xinancun Formation, and ranges from 0.52% to 0.73% with an average of 0.62% in the Wuyun Formation, indicating that the maturity of organic matter in the Xinancun Formation is nearly the same as that in the Wuyun Formation.
The distribution of hopanes and steranes by monitoring m∕z 191 and 217, respectively, displays different patterns between the samples from Xinancun Formation and Wuyun Formation (Figure 4 ). Tricyclic terpanes are all present in the low concentrations. The predominant hopane in the sample from Xinancun Formation is the 17α, 21β-C 30 hopane. The highest relative proportions in the hopanes of the sample from Wuyun Formation are 17α, 21β-C 29 hopane. The C 27 steranes content in the sample from the Xinancun Formation is much higher than that in the sample from the Wuyun Formation. Both samples show that the C 29 steranes contents are the highest, and the C 28 steranes contents are the lowest. Therefore, it is apparent that the organic matter in the Xinancun Formation is sourced from the mixture of plankton and higher plants in the lacustrine. However, the organic matter in the Wuyun Formation was found to be mainly sourced from the higher plants ( Figure 5 ; Huang and Meinschein, 1979; Mackenzie et al., 1982; Volkman, 1986) . 
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This interpretation could also be proved by the appearance of the coal beds in the Wuyun Formation (Figure 1 ) because the coal beds were found to be sourced from higher plants (Riboulleau et al., 2007; Farhaduzzaman et al., 2012) .
Hydrocarbon gas components Natural gas contains hydrocarbon gas and nonhydrocarbon gas. The range of the hydrocarbon gas content calculated from Table 1 is between 68.54% and 99.34%, suggesting the dominance of hydrocarbon gas in the Fangzheng Basin. The nonhydrocarbon gas contains CO 2 and N 2 as the primary composition, whereas other components are rare.
The components of the hydrocarbon gas are highly affected by its genetic type and the modes of gas accumulation (Liu et al., 2012; Tan et al., 2012) . The methane content of natural gas varies in different wells, ranging between 61.15% and 98.48% (Table 1 ). The content of heavy hydrocarbon gas (C 2þ ) ranges between 0.57% and 31.97% (Table 1) , displaying an uptrend with the production of the accompanying oil. Based on the methane and heavy hydrocarbon gas contents, the hydrocarbon gas in the Fangzheng Basin can be classified into dry gas and wet gas using the gas dryness (C 1 ∕C 1−5 ) (Schoell, 1983; Peters et al., 2005) . The dry gas, with the gas dryness varying between 0.991 and 0.994 (Table 1) , is produced in wells F1 and F3, which are characterized by no accompanying oil production, whereas gas produced from other wells is wet gas with oil production. The hydrocarbon gas from F2 and F4 has similar gas dryness, ranging between 0.657 and 0.790. The gas dryness is higher for F12 and F15 in the range of 0.892-0.944 (Table 1) .
Concentration ratios of branched versus straight butanes and pentanes [i.e., wði-C 4 ∕n-C 4 Þ and wði-C 5 ∕n-C 5 Þ] are two relatively effective maturity parameters in evaluating the scenario of no obvious migration influence on the components of hydrocarbon gas (Kissin, 1987; Prinzhofer et al., 2000) . At low temperature, the components of the hydrocarbon gas are dominated by carbocation, which is a primary source for isoparaffin, whereas at high temperatures, hydrocarbon gas would be dominated by the normal paraffin-producing free radical fault. Therefore, as the maturity of organic matter rises, the ratios of wði-C 4 ∕n-C 4 Þ and wði-C 5 ∕n-C 5 Þ will initially increase as C 1 ∕ðC 2 þ C 3 Þ increases, reflecting higher rates of i-C 4 and i-C 5 generation from kerogen cracking (Prinzhofer et al., 2000; Hao and Zou, 2013) . On the contrary, these two ratios pass through a maximum at C 1 ∕ðC 2 þ C 3 Þ approximately 20, and they begin to decrease with the further increasing of the C 1 ∕ðC 2 þ C 3 Þ. This suggests an increasing proportion of gases derived from oil cracking with the increased thermal maturity (Figure 6 ; Hao and Figure 5 . Ternary plot of relative proportions of C 27 , C 28 , and C 29 steranes of the source rocks and oil samples (the source interpretation follow Huang and Meinschein [1979] , Mackenzie et al. [1982] , Volkman [1986] , Riboulleau et al. [2007] , and Farhaduzzaman et al. [2012] ). Figure 6 . Variation of (a) isobutane/n-butane and (b) isopentane/n-pentane as a function of C 1 ∕ðC 2 þ C 3 Þ for natural gases from the Fangzheng Basin (the shadow follows Hao and Zou [2013] , and it was based on data from Hill et al. [2007] , Rodriguez and Philp [2010] , and Zumberge et al. [2012] ). Interpretation / February 2018 T87 Zou, 2013) . The GC analysis displayed in Table 1 suggests that the ratios of wði-C 4 ∕n-C 4 Þ and wði-C 5 ∕n-C 5 Þ in samples from F2 and F4 (ranging between 1.18-1.50 and 1.68-1.98, respectively) are lower than that from F12 and F15 (ranging between 1.49-1.91 and 1.77-2.67, respectively). We can infer that the maturity of the gases from F2 and F4 was relatively low when generated, which are also proved by δ 13 C 1 as discussed below. And the migration through the faults may not have obvious geologic chromatographic effects on the ratios of wði-C 4 ∕n-C 4 Þ and wði-C 5 ∕n-C 5 Þ, which is inconsistent to the case of migration through transporting layers (Kissin, 1987) .
Compared with hundreds of gas samples reported by Thompson and Creath (1966) , Jarvie et al. (2007) , and Zumberge et al. (2012) , gases from well F3 seem to have abnormally high wði-C 4 ∕n-C 4 Þ and wði-C 5 ∕n-C 5 Þ ratios ranging between 3.28 and 5.73 (all > 3). The isobutane content of the natural gas in well F1 falls between 0.08% and 0.09%, and the isopentane content falls to 0.02%. However, the normal butane and normal pentane contents are extremely low, indicating that the gas from this well also reveals higher ratios of wði-C 4 ∕n-C 4 Þ and wði-C 5 ∕n-C 5 Þ. During the microbial degradation of gas, the straight-chain alkanes are more effectively removed than those in the branched ones (Palmer, 1993) . Thus, the gas degradation results in the increased wði-C 4 ∕n-C 4 Þ and wði-C 5 ∕n-C 5 Þ ratios (Pytlak et al., 2016) . This may be the reason for the abnormally high values above 3 (Figure 6 ).
Carbon isotopic compositions of C 1 − C 4 alkanes
The carbon isotopic distribution and the series carbon isotopic characteristics in the alkanes of natural gas are significantly different among the selected samples (Figure 7) . The samples from wells F1 and F3 contain the least carbon isotopes in alkanes with the "positive carbon sequences," which describe increasing δ 13 C values trend with increasing carbon number and indicates that the hydrocarbon gas is the primary gas compound (Xia et al., 2013) . The samples from wells F12 and F15 contain the highest carbon isotopes in methane, whereas the samples from wells F2 and F4 contain more positive carbon isotopes in the heavy hydrocarbon than wells F12 and F15. Most samples have normal isotopic distribution (δ 13 C 1 < δ 13 C 2 < δ 13 C 3 < δ 13 C 4 ; Figure 7) . Some samples from well F15 display a feature of slightly reversed carbon isotope sequences (0.4‰; δ 13 C 2 > δ 13 C 3 ), which may result from the mixing of different genetic gas (Hao and Zou, 2013) . Further discussion on carbon isotopic compositions follows below.
Biomarker contrast of the gas-associated crude oil
The dry gas with no oil flows was produced in wells F1 and F3, and thus, the geochemical characteristics of the gas-associated crude oil cannot be obtained. The wet gas produced from the wells F2 and F4 shows different carbon isotopic compositions of C 1 − C 4 alkanes from the samples from F12 and F15 (Figure 8) , and the biomarkers of the accompanying oil were studied for wells F2/F4 and wells F12/F15, respectively.
The sterane contents in the accompanying oil from wells F2 and F4 are dominated by the ααα20R-C 29 steranes, followed by the ααα20R-C 27 steranes and ααα20R-C 28 steranes. The three peaks of steranes show a reversed "L" shape (ααα20RC 28 < C 27 < C 29 ; Figure 8a and 8b), suggesting the oil sourced from the type III organic matter is contributed by the terrestrial higher plants (Zou et al., 1993) .
The distribution of ααα20R-C 27 steranes, ααα20R-C 28 steranes, and ααα20R-C 29 steranes in the accompanying oil from wells F12 and F15 also shows a reversed L shape (Figure 8c and 8d) . The acyclic isoprenoids pristane (Pr) and phytane (Ph) are present in all samples, and the Pr/Ph ratios, varying between 5.27 and 8.04 with an average of 6.14, are all greater than 5 in value, presenting the typical organic matter characteristics of coal measure mudstones (Dai, 1993; Sun et al., 2012) . C 29 steranes 20S/(20S + 20R) ratios of accompanying oil, which are significant for maturity evaluation in early stage of hydrocarbon generation, are approximately 0.40 and 0.46, respectively (Figure 8) , indicating the maturity of the oil from wells F2 and F4 is lower than that from wells F12 and F15.
Discussion
Possibility for the microbial gas
Generation of microbial gas occurs under environmental conditions that are different from that for thermogenic gas (Rice and Claypool, 1981) . Microbial activity takes place at shallow depth in a semiopen system, in which sediments are not fully compacted and the seal integrity is not well-developed, with the processes of accumulation and leakage of microbial gas occurring and competing simultaneously. Thus, the formation of a commercial microbial gas field requires sufficient microbial activity to maintain the gas supply, which depends on the temperature and other microbial growth conditions (Chen and Grasby, 2015) . Although microbes may be active at high temperatures, it is commonly accepted that microbial activity relevant for petroleum formation and degradation is restricted to temperatures of less than 80°C (Head et al., 2003) . Moreover, microbial gas is generally considered to be buried no deeper than 2000 m and mostly in the temperature range between 35°C and 65°C (Dang et al., 2008) , although some microbial gas fields were formed at the depth of 3000 m for quickly deposited rates of the Quaternary (Zhang et al., 2014) , which, however, is not in our case.
The homogenization temperature of the fluid inclusions hosted in the Xinancun Formation in well F1 ranges from 75°C to 125°C (measured by the Daqing Oilfield Company), indicating that hydrocarbon accumulation was a continuous process. The peak mainly distributes between 80°C and 85°C, which is close to the current reservoir temperature. Combining the measured results with the local burial and geothermal history, the hydrocarbon (i.e., oil and oil-associated gas) charging occurred at the depth of 2200 m, speculating the timing is from 24 to 22 Ma, corresponding to end of the Paleogene (Figure 9) . Nevertheless, the hydrocarbon gas from well F3 is buried under the depth of 2888.50-2954.80 m, with the temperature of formation from 78°C to 85°C and the pressure from 27.77 to 29.54 MPa, which decrease the probability of generating large amount of microbial gas in these burial and temperature conditions.
Genetic types of hydrocarbon gas
Based on the analysis of the gas components, carbon isotopic constitution and the biomarkers of the accompanying oil, the hydrocarbon gas in the study area can be classified into three families. Family I gas is produced from wells F1 and F3. It is characterized by the highest methane content, abnormally highest i-C 4 ∕n-C 4 , and the most negative carbon isotope. Compared with family II, which is from wells F2 and F4 accompanied with oil flow, family III from wells F12 and F15 has the higher ratios of C 1 ∕ðC 2 þ C 3 Þ; i-C 4 ∕n-C 4 , and contains the most heavy isotopes in methane and more negative carbon isotopes in the heavy hydrocarbon (C 2þ ).
The experimental simulations were successfully used by Behar et al. (1992) to distinguish kerogencracking gas (primary cracking gas) from oil-cracking gas (secondary cracking gas). From the experimental simulations, the gases from the secondary cracking of hydrocarbon are characterized by relatively stable lnðC 1 ∕C 2 Þ values and an obvious increase of lnðC 2 ∕C 3 Þ. On the contrary, gases from kerogen cracking are characterized by a rapid increase in lnðC 1 ∕C 2 Þ values and the relatively stable (or slightly decreased) C 2 ∕C 3 values (Prinzhofer and Huc, 1995; Yang et al., 2017) . The plot of lnðC 1 ∕C 2 Þ versus lnðC 2 ∕C 3 Þ, shown in Figure 10 , indicates that the samples from family II and III exhibit a slight increase in lnðC 1 ∕C 2 Þ values with a rapid increase in lnðC 1 ∕C 2 Þ values. These variations suggest that these samples originate from the primary cracking. In contrast, gases from family I are derived from the secondary cracking. In general, all the samples have the same trend between lnðC 1 ∕C 2 Þ and lnðC 2 ∕C 3 Þ. Figure 11 presents the relationship between molecular components and δ 13 C 1 of hydrocarbon gas for the three families of gas (Schoell, 1983; Liao et al., 2013) . Family I gas plots near the area of catalytic gas generated from organic matter at a low-mature stage, which is described as "bio-thermo-catalytic transitional zone (BTCTZ) gas" by Xu et al. (1991) or "catalysis transi- Figure 9 . Hydrocarbon charging history, burial and thermal history curves of the well F1 (orange star shows the peak homogenization temperature provided by isopentane Daqing Oilfield Company). Figure 10 . Plot of lnðC 1 ∕C 2 Þ versus lnðC 2 ∕C 3 Þ in gases from the Fangzheng Basin and other gas-producing areas (data from Yang et al., 2017) .
Interpretation / February 2018 T89 tional gas" by Hu et al. (2010a) . Families II and III are thermogenic gas, other than microbial gas, which were previously identified by former studies (e.g., Sun and Huang, 2004) . Gas from well FX falls into the microbial gas area with a depth from 810 to 834 m, indicating "true" microbial gas type discovered in the XLT Uplift (Figure 1) . Xu et al. (1991) identify a new genetic type of natural gas of BTCTZ gas, which has a shallow burial depth (1000-2500 m), and the chemical composition (C 1 ∕C 1−5 ¼ 0.7 − 0.9) and isotopic composition (δ 13 C 1 ¼ −55 to −48‰) coincide with the evolution level of organic matter in the corresponding strata (Figure 11a) . Based on these identification indexes of BTCTZ gas proposed by Xu et al. (1991) , the genetic type of family I is not typical catalytic gas as shown in Figures 11a and 12 . The depth of family I gas ranges from 2899 to 2992 m, and the gas dryness ranges from 0.991 to 0.994. Family I natural gas has an obviously negative carbon isotope composition of methane and ethane, compared with families II and III (Figure 7) . However, the differences of carbon isotope composition in propane between families I, II and III are smaller compared with that of methane and ethane. Overall, it means that family I was the oil-associated gas, but it was altered by biodegradation (Figure 11) .
The value δ 13 C 2 of −28‰ is generally considered as the criteria to identify the oil-associated gas from coalderived gas (Liu and Xu, 2005) . Figure 12 displays the crosscorrelation between δ 13 C 1 and δ 13 C 2 (Sun and Huang, 2004) , gas from well FX is microbial gas, and family II gas is thermogenic coal-derived gas, whereas its δ 13 C 2 value lies almost on the boundary of coal-derived gas and oil-associated gas, which suggests that some oil-associated gas may be present in family II gas. Family III gas is mainly a thermogenic oil-associated gas, but may partly include coalderived gas (Figure 11 ).
In summary, gas samples from the Fangzheng Basin show the considerable variations in chemical and isotopic compositions (Figure 13 ), reflects the changes in origin, biodegradation, and thermal maturities. Family II shows the lowest values of lnðC 1 ∕C 2 Þ, lnðC 2 ∕C 3 Þ, C 1 ∕ðC 2 þ C 3 Þ, and δ 13 C 1 . And the plots are close to the maturity trend in kerogen type IIb, indicating the family II origins from the primary cracking of kerogen in low maturity. As plots in Figures 10, 11 , and 13a, family III should be generated by kerogen cracking in relatively higher maturity before oil cracking, but more negative carbon isotopic compositions in ethane and propane indicate mixing with oil-associated gas. Compared with family II, family I has the lowest values of δ 13 C 1 , rather low as the microbial gas. This behavior suggests the effects of biodegradation, which coincide with abnormally high wði-C 4 ∕n-C 4 Þ and wði-C 5 ∕n-C 5 Þ (Figure 13 ).
Hydrocarbon gas maturity
Based on the analyses of molecular composition and stable carbon isotopic variations, family III has the highest maturity, followed by family II and I. This shows the good accordance with oil maturity. The maturity of gas source rocks can be estimated by the methane carbon isotope values using empirical equations for δ 13 C 1 − R o (Stahl and Carey, 1975; Dai et al., 1987; Shen and Xu, 1991) . Dai et al. (1987) and Dai (1992) study the relationship between R o and carbon isotope series in alkanes of gas among different gas fields of China, and then they propose a regression equation to calculate gas maturity in Chinese gas fields. Shen and Xu (1991) in- Figure 11 . Plot of the stable carbon isotope ratio of methane versus (a) gas dryness and (b) wetness for gases from the Fangzheng Basin (modified from Schoell, 1983; Liao et al., 2013) . Figure 12 . Crosscorrelation of δ 13 C 1 versus δ 13 C 2 for gases from the Fangzheng Basin (isopentane genesis interpretation follows Sun and Huang [2004] ; the data of kerogen type II are from Delaware/Val Verde Basin, and the kerogen type III -2 are from Niger Delta, according to Rooney et al. [1995] ; the data of kerogen type III -1 are from Jenden et al. [1988] ).
T90 Interpretation / February 2018
troduce the concept of the BTCTZ gas, modify the regression equation for coal-derived gas, and then propose a formula for computing gas maturity. Using the experimental formulations of Dai et al. (1987) and Shen and Xu (1991) , this study estimated gas maturity for the samples from the Fangzheng Basin (Table 2) .
The value R o calculated by the methane regression model of Dai et al. (1987) indicates that the gas maturity is low, and it is significantly different from that calculated using the isotopes of ethane and propane regression models. In contrast, the results that were obtained via the regression model for gas proposed by Shen and Xu (1991) seem to be more reasonable and closer to reality. The R o values of gas range from 0.62% to 0.69% in the wells of F1, F2, F3, and F4 (ZSG Sag, Figure 1) , and range from 0.94% to 1.08% in the wells of F12 and F15 (DLM Uplift, Figure 1 ). This calculated maturity result of gas source rocks is consistent with the ratios of C 1 ∕ðC 2 þ C 3 Þ, i-C 4 ∕n-C 4 , carbon isotopic compositions, and the ratios of C 29 steranes 20S/(20S + 20R) from the accompanying oil.
Sources of hydrocarbon gas
The above discussion indicates that family I gas produced from wells F1 and F3 in the ZSG Sag is biodegraded gas with low maturity sourced from lacustrine kerogen type II. Family II gas from wells F2 and F4 of ZSG Sag is coal-derived gas with moderate maturity mainly generated by the kerogen type III of mudstones in coal measures. Family III gas from wells F12 and F15 in DLM Uplift presents mixed geochemical characteristics of slightly reversed carbon isotopic sequences, and oil-associated gas accompanied with oil sourced from type III organic matter. These geochemical characteristics indicate a feature of mixed-type gas from lacustrine kerogen and higher plants, with the dominance in oil-associated gas (depleted carbon isotope, i.e., δ 13 C 1 < −40‰ and δ 13 C 2 < −28‰). Both accompanying oil samples of families II and III gas show similar distribution of hopanes and steranes content as the coal-measured mudstones in the Wuyun Formation (Figures 4  and 8) .
Based on the comparisons among genetic types of hydrocarbon gas and organic matter types of source rocks, the distribution of biomarkers between accompanying oil and extraction of the source rocks, and the maturity of hydrocarbon gas and source rocks, it is apparent that family I gas was produced from mudstones with an oil-prone organic matter of low maturity from Xinancun Formation in the ZSG Sag, and it was affected by biodegradation. Family II gas is found to be generated by the coal measured mudstones with an unfavorable organic matter type III of relatively higher maturity from Wuyun Formation in the ZSG Sag. The wells in the DLM Uplift are all located at relatively high elevations, measured R o data revealed that the maturity of the source rocks from Xinancun and Wuyun Formation is R o ¼ 0.89% at maximum, and it does not reach R o ¼ 0.94% (Table 2) . Based on the correlations between the R o values of source rocks and the depth in which samples were collected, as well as the depth contours at the surface layers of source rocks in the Xinancun Formation, it is found that the maturity of the source rocks in the deep notch part of the DLZ Sag is much higher than that in the DLM Uplift, suggesting that the value of R o could be projected as high as 1.5%. Therefore, family III gas can be presumed to be consistent with the source rocks of the Xinancun and Wuyun Formation in the central area of the DLZ Sag, indicating the long vertical migration distance for gas. Figure 13 . Crosscorrelation of (a) δ 13 C 1 versus C 1 ∕ðC 2 þ C 3 Þ and (b) δ 13 C 2 versus δ 13 C 3 for gases from the Fangzheng Basin (the discrimination plot and the effects of different processes on gas composition are by Bernard et al. [1978] , Whiticar [1999] , Jones et al. [2008 ], Milkov [2011 , and Pytlak et al. [2016] ; isopentane isopentane maturity model of kerogen type IIb is by Berner and Faber [1996] and Etiope et al. [2014] ). Miocene transpressional strength The DLM Uplift-DLZ Sag and the ZSG Sag are located at the east and west sides of the Yihantong strike-slip fault, respectively, and these two subsags have different structural histories , which are important causes of different gas accumulation modes (Figure 14) .
Under the joint influence of the oblique subduction of the Pacific plate and the collision of Indian Plate against the Eurasia, a dextrorotation stretch occurred at TLFZ since Cenozoic. A series of Cenozoic basins were formed under intense rifting, and a fan delta-lacustrine sedimentary system was developed in the Fangzheng Basin under the influence of the eastern and western boundary faults. A set of coal source rocks initially developed in the western ZSG Sag and the eastern DLZ Sag during the depositional period of Wuyun Formation, and then, another set of lacustrine source rocks developed at the later sedimentary stage of the Xinancun Formation.
After the deposition of Dalianhe Formation, the Fangzheng Basin experienced intense lifting and denudation , and the lacustrine mudstone near well F4 in the upper Xinancun Formation was eroded. Water intrusion became significantly critical during the depositional period at Baoquanling Formation, and the water coverage area expanded accordingly. Lakes and braided stream delta sedimentary system also developed, and a huge group of fine-grained sediments was deposited, forming the most important cap rocks for the accumulation of hydrocarbon in this area.
As the basinal sedimentation further extended, the basin entered a fault-depression transformation period when the Yihantong Fault formed and became a fault crossing the whole basin. Then, the Yihantong Fault absorbed most of the strains, which decreased the activities of the western boundary fault and led to passive subsidence of the strata in the western ZSG Sag, whereas the forceful activities of the Yihantong Fault resulted in the fast subsidence of the eastern DLZ Sag. The differences in the sedimentation rates in the western ZSG Sag and eastern DLZ Sag caused the relatively slower evolution of source rock in the west sag than that of the east sag, which provides the environment and condition for generation and accumulation of relatively low-maturity gas in the ZSG Sag (Figure 14a ).
After the late depositional period for the Baoquanling and Fujin Formations, the basin reversed under the compressshear force in the Miocene (Figure 14b ). This reversal and distortion mainly occurred in the rift valley that was sandwiched between the Yihantong Fault and the eastern boundary fault. The eastern strata were drastically lifted, and the intensely stirred faults were cut into layers in the vertical direction. The DLM Uplift was formed by the same tectonic movements. The natural gas generated from different organic matter types blended and accumulated at the shallow layers of the first member of Baoquanling Formation. The western sag suffered less reversal action and only developed small reversal folds along the western boundary faults. Thus, the sealing conditions of gas were relatively better in SZG Sag than that in DLM uplift, and the geochemical characteristics of biodegraded gas and coal-derived gas are significantly different ( Figure 13b ).
As discussed above, the development of strike-slip fault Yihantong Fault created the differences of semimetal rates and reversed strength between ZSG Sag and DLM Uplift, implying strong similarities of structural geometry and stratal architecture to physical sandbox modeling by Dooley et al. (1999) . Therefore, this study on the Fangzheng Basin provides assessments for the distributions of different genetic petroleum or gas Figure 14 . Gas accumulation mode (B-B′ in Figure 1 ) of different hydrocarbon gas genetic types in the Fangzheng Basin. The numbers mark the major faults in the profiles.
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Conclusion
The hydrocarbon gas in the Fangzheng Basin can be classified into three families. Family I is characterized by the highest gas dryness, the highest values of the lnðC 1 ∕C 2 Þ and lnðC 2 ∕C 3 Þ, abnormally high values of the wði-C 4 ∕n-C 4 Þ and wði-C 5 ∕n-C 5 Þ, and the most negative stable carbon isotopic compositions. Family II is characterized by the lowest gas dryness, the lowest values of lnðC 1 ∕C 2 Þ, lnðC 2 ∕C 3 Þ, and wði-C 4 ∕n-C 4 Þ, and the most positive stable carbon isotopic compositions in heavy molecular compositions (C 2þ ). Family III has moderate chemical and isotopic compositions between Families I and II, but it shows the highest maturity according to the heaviest value of δ 13 C 1 . Family I is affected by biodegradation, and it is dry gas generated from low-maturity lacustrine mudstones (i.e., oil-prone source rocks) of the Xinancun Formation. Family II is coal-derived wet gas accompanied by oil, and it is typically generated by type III kerogen of mudstones in coal measures of Wuyun Formation. Family III is mixed-type wet gas whose primary compound is oil-associated gas, and it is mainly generated by type II kerogen in the Xinancun Formation and partly from type III kerogen in the Wuyun Formation in the DLM Uplift.
The evolution of source rock in the west ZSG Sag is slower than that in the east DLZ Sag due to the lower sedimentation rates in the west ZSG sag; therefore, the ZSG sag has the environment and conditions for generation and accumulation of relatively low maturity gas in the ZSG Sag. The differences in the later Miocene reversal intensity created favorable conditions for storage space in the western ZSG sag. The geochemical characteristics of biodegraded gas and coal-derived gas are significantly different. Different genetic types of hydrocarbon gas mixed and distributed in multiple layers due to the intense transpressional strength in the eastern part of the Fangzheng Basin.
